We developed an immunomagnetic separation (IMS) technique combined with real-time TaqMan reverse transcriptase PCR (RT-PCR), which allowed detection of norovirus at a level as low as 3 to 7 RT-PCR units from artificially contaminated strawberries. The inoculum recovery rate ranged from 14 to 30%. The data demonstrate that IMS combined with real-time RT-PCR will be useful as a rapid and sensitive method for detecting food-borne microbial contaminants.
Norovirus (NoV) is the leading cause of acute nonbacterial gastroenteritis worldwide that is transmitted via the fecal-oral route from contaminated food (2, 14, 19) . One of the major limitations for monitoring NoV-contaminated foods and investigating outbreaks is the difficulty of detecting low levels of NoV in various food matrices. Unlike many bacterial and viral pathogens, NoV cannot be cultivated by conventional tissue culture methods; therefore, it is difficult to cultivate and enrich NoV from contaminated foods to monitor for NoV outbreaks (9) . Molecular detection methods such as reverse transcriptase PCR (RT-PCR) are commonly used for detecting NoV in various foods (24) . However, large volumes of elution buffers are typically necessary for eluting NoV from food, which requires further concentration and purification methods (8, 26) . In addition, various PCR inhibitors that interfere with subsequent molecular assays also are present in elution buffers (25) . Therefore, more-efficient elution, concentration, and purification methods are required for more-sensitive detection of NoV in food.
Immunomagnetic separation (IMS) is an established method for concentrating Escherichia coli, NoV, and Salmonella spp. from various foods (5, 16, 23) . Antibodies specific for a particular microorganism are used, which gives the assay a higher specificity for concentrating and purifying microorganisms in both food and other environmental samples (1, 6) . The aim of this study was to evaluate IMS combined with real-time TaqMan RT-PCR for rapid and quantitative detection of NoV from artificially contaminated strawberries (11, 20) .
Production of polyclonal antibodies against NoV GI and GII. The capsid genes of both GI-1 and GII-4 NoV were amplified by RT-PCR and cloned into either pGEX-4T-1 (Amersham) or pET-15b (Novagen) expression vectors. These expression vectors were transformed into E. coli strains BL21(DE3)pLysS and Rosetta2(DE3)pLysS. Cells were inoculated into individual flasks containing 500 ml of LB-ampicillin (50 g/ml) medium with 0.5 mM isopropylthiogalactopyranoside (IPTG; Duchepa, Germany) and incubated at 37°C until the culture reached an optical density at 600 nm of 0.5 to 0.6. Cells were harvested by centrifugation at 8,500 ϫ g at 4°C for 10 min. Harvested cells were washed with phosphate-buffered saline (PBS), suspended in 40 to 50 ml PBS, 1 mM phenylmethanesulfonyl fluoride (Sigma), and lysed by sonication (Sonicator XL2020; Misonic). Total, soluble, and insoluble proteins were collected and electrophoresed on two 12% sodium dodecyl sulfate (SDS)-polyacrylamide gels; one gel then was stained with Coomassie brilliant blue (Sigma) to visualize the protein bands, and the other gel was electrotransferred to a nitrocellulose membrane for Western blot analysis. After confirmation by Western blot analysis using antibodies against glutathione S-transferase (GST) or His tag, cells were expressed in a large volume and purified directly from gels. The appropriately sized band corresponding to the capsid protein was cut by a razor blade from SDS-polyacrylamide gels, and polyclonal antibodies against GI-1 and GII-4 NoV capsid proteins were generated from two rabbits by using these proteins. The specificity of polyclonal antibodies was confirmed by both enzyme-linked immunosorbent assay and Western blotting.
Test of elution buffers from artificially contaminated strawberries. A 10-l aliquot of NoV-containing stool suspension was inoculated onto 20 g of fresh strawberries by pipetting. A total of 4 ϫ 10 3 to 10 4 RT-PCR units of NoV quantified by conventional RT-PCR assay was seeded onto the strawberries, which then were air dried on a clean bench for 30 min. The inoculated samples were mixed with 100 ml of three different elution buffers (100 mM Tris-HCl [pH 9.5], 50 mM glycine-50 mM MgCl 2 [pH 9.5], or 3% Bacto beef extract [BD] [pH 7.4]) at 25°C with shaking (ϳ200 rpm) for 5 hours. An equal volume of chloroform (Sigma) was added to the elution buffer after soaking and the mixture was vortexed vigorously for 1 minute, followed by centrifugation at 530 ϫ g at 4°C for 10 min. Su-pernatants were recovered and precipitated with 8% polyethylene glycol (PEG) 10,000 (Fluka, Germany) with 0.3 M NaCl at 4°C for 4 to 5 h. The resulting flocculate was precipitated by centrifugation at 13,400 ϫ g at 4°C for 30 min, and the supernatant was discarded. The pellet was resuspended in 1 ml PBS (pH 7.4). Nucleic acid extraction was performed using the QIAamp viral RNA minikit (Qiagen). Nucleic acid extracts were serially diluted and subjected to RT-PCR as previously described for measuring the efficiencies of elution by each of the elution buffers tested (17) .
IMS and RT-PCR assay. After the elution efficiency for each buffer was determined, the recovery efficiency and the sensitivity of IMS were determined. A total of 4 ϫ 10 3 to 10 4
RT-PCR units of NoV (quantified by RT-PCR assay) was inoculated onto one strawberry and eluted with 100 ml of 3% beef extract buffer. The inoculated samples were mixed with 100 ml of 3% Bacto beef extract (pH 7.4; BD) at 25°C with shaking (ϳ200 rpm) for 5 hours. The eluate was subjected to chloroform extraction and PEG precipitation as described above. A total of 33 l of magnetic beads (Dynabeads M-280, tosyl activated; Dynal, Norway) was washed three times with 0.1 M sodium phosphate buffer (pH 7.4) at room temperature. The washed beads were suspended gently in 5 l rabbit immunoglobulin G serum against NoV in 1 ml of 0.1 M sodium phosphate buffer (pH 7.4) and incubated for 16 to 22 h at room temperature with slow tilt rotation on an MX4 sample mixer (Dynal, Norway). After being mixed to remove unbound immunoglobulin G, the beads were washed four times with PBS (pH 7.4) containing 0.1% (wt/vol) bovine serum albumin (BSA; Sigma) at 4°C. Antibody-bound magnetic beads were mixed gently with 1 ml of NoV elution buffer and incubated with rotation for 1 hour at room temperature. Magnetic beads were separated using a magnetic particle concentrator, washed three times in PBS (pH 7.4) containing 0.1% (wt/vol) BSA, and suspended in 50 l diethyl pyrocarbonate water. Conventional and real-time TaqMan RT-PCR assays for NoV. In order to extract viral RNA, the suspension was incubated at 95°C for 5 min and chilled immediately on ice. The beads were pelleted by centrifugation at 13,500 ϫ g at 4°C for 1.5 min. The supernatant was transferred to RNase-free tubes and used for either conventional RT-PCR or real-time PCR assays. In order to estimate the recovery efficiency and sensitivity of the assay, a standard curve was constructed using the control plasmid containing the NoV capsid gene insert. Plasmid standards containing partial capsid regions of the inoculated GI and GII NoVs were amplified with primer sets described in Table 1 and cloned into pMD18-T vector (Takara, Japan). Real-time PCR was carried out as described in the previous study (11, 12) . Real-time RT-PCR assays were performed in a real-time PCR machine (Applied Biosystems 7300) using the TaqMan PCR reagent kit with AmpliTaq Gold DNA polymerase (Applied Biosystems) by following the manufacturer's protocol. In each experiment, NoV GI-or GIIspecific standard curves were generated by a 10-fold serial dilution (approximately 10 7 copies of viral RNA) of purified NoV GI and GII cDNA plasmids. Conventional RT-PCR was performed using the Qiagen one-step RT-PCR kit (Qiagen) as described in a previous study (17) . The experiments were repeated three times.
Expression of either GST or His-tagged recombinant capsid proteins was confirmed by SDS-polyacrylamide gel electrophoresis (PAGE) and Western blot analysis (Fig. 1) . Both the GST-GI NoV capsid protein (84 kDa) and the His-tagged GII NoV capsid protein (61 kDa) were detected with polyclonal antibodies against either GST or His tag, respectively (unpublished data). The specificity of the polyclonal antibodies raised in rabbits against NoV capsid proteins was confirmed with Western blotting (Fig. 1) and enzyme-linked immunosorbent assay (unpublished data).
Among tested elution buffers, 3% beef extract resulted in a higher viral recovery rate (85%) of NoV eluted from inoculated strawberries than did either 100 mM Tris-HCl (8.5%) or 50 mM glycine-50 mM MgCl 2 (8.5%). Therefore, 3% beef extract was chosen for the elution of NoV from contaminated strawberries.
Conventional RT-PCR on the eluate demonstrated a 5% inoculum recovery rate for both GI and GII NoV ( Table 2 ). The recovery rate for both GI and GII NoV was 5%, and the 
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on August 15, 2017 by guest http://aem.asm.org/ limit of detection of IMS combined with conventional RT-PCR was 20 RT-PCR units. For the real-time RT-PCR assay, the dilution curves were distributed over 5 and 6 orders of magnitude for the GI-1 and GII-4 control plasmids in our assays, respectively. In all cases, excellent correlation between the amount of target templates and the threshold cycle values was obtained for both GI-1 (R 2 ϭ 0.99) and GII-4 NoV (R 2 ϭ 0.99). The initial GI-1 and GII-4 NoV copy numbers used in the inoculum were 2.58 ϫ 10 4 and 5.87 ϫ 10 6 , respectively. After elution and concentration of viral particles from strawberries by using IMS, the mean GI-1 and GII-4 copy numbers detectable by real-time RT-PCR in 50-l-final-volume nucleic acid extraction solutions were 7.68 ϫ 10 3 and 8.30 ϫ 10 5 , respectively. The mean recovery rate (29.50%) of GI was slightly higher than that of GII (14.14%) ( Table 2 ). Based on these recovery rates, the limit of detection of the NoV RT-PCR assay was calculated to be three to seven copies of viral genome. As shown in Table 2 , as few as 3.36 copies of GI viral RNA could be detected by IMS combined with the real-time RT-PCR assay, and as few as 7.07 copies of GII viral RNA were detected from NoV-spiked strawberries. This is the first study that utilizes IMS combined with realtime RT-PCR to quantitatively detect NoV from artificially contaminated food. This study demonstrated that IMS can be used to isolate and concentrate NoV from complex media and will efficiently detect low copy numbers of a viral genome present in contaminated food when combined with TaqMan real-time RT-PCR. The methods presented in this study po- a Recovery rate (percent) was estimated from a percent ratio of recovered RT-PCR units in a final volume of 50 l nucleic acid extraction solution and initially inoculated RT-PCR units.
b The limit of detection was estimated for the final 50-l volume of nucleic acid extraction solution. It was calculated from 100 (percent recovery rate).
c Sensitivity for RT-PCR. Only 2.5 l out of a 50-l nucleic acid extraction solution was used for nucleic acid amplification.
tentially could be applied to the detection of NoV or other viruses from various food matrices.
The sensitivity of methods used for detecting NoV in food is highly dependent upon the efficiency of the elution buffer and the sensitivity of subsequent concentration techniques. Reported recovery efficiencies of elution methods range from 9 to 85%; the efficiency of concentration by PEG (10,000-molecular-weight) precipitation was estimated to be 85% in our study (unpublished data) using conventional RT-PCR. Our data demonstrated that the sensitivity of real-time TaqMan RT-PCR was three-to fivefold superior to that of conventional RT-PCR assays (Table 2) . Thus, further concentration by IMS combined with real-time TaqMan RT-PCR proved to be a useful tool for detecting NoV in food. One significant advantage of applying IMS methods is that the sample volume for the subsequent RT-PCR assay is reduced.
In the present study, an E. coli expression system was used to produce NoV capsid proteins. Bacterial expression systems are easier and more convenient than other expression systems (baculovirus and Saccharomyces cerevisiae) and can express high levels of recombinant NoV proteins (27, 29) . We found that the low efficiency of viral capsid protein expression in the typical E. coli BL21 host strain likely was due to differences in codon usage frequencies between NoV and E. coli (4, 29) . However, the GII NoV capsid protein was successfully expressed at a high yield when E. coli strain Rosetta2(DE3)pLysS with eukaryotic protein codon usage was used. Therefore, these E. coli expression systems modified for eukaryotic codon usage were successful for rapidly producing high concentrations of protein.
IMS methods have been applied for detecting various microorganisms in different environmental samples (10, 22, 23, 28) . In addition, IMS methods combined with conventional RT-PCR have been applied to detect NoV (7, 16, 22) . However, no previous study characterized the sensitivity of this combined method for detecting NoV on contaminated food. The detection limit of IMS combined with conventional RT-PCR for NoV in a 10% stool suspension was estimated at 250 to 740 genomic copies/ml (7). The specificity and sensitivity of IMS methods depend on (i) antibody specificity, (ii) incubation time and temperature, (iii) washing conditions, and (iv) subsequent RT-PCR assays. Our experiment demonstrated that real-time RT-PCR could be combined effectively with IMS methods to allow high specificity. Therefore, prior to applying IMS to food and other environmental samples, the choice of experimental conditions such as the volume ratio of magnetic bead to antibody, incubation temperature, and incubation time should be optimized. Our developed methods could be applied to the detection of other microbial pathogens from various foods.
The polyclonal antibody used for IMS methods could react with other common enteric viruses and proteins. However, nonspecific binding to other proteins was not an issue in our study because an additional level of specificity is provided by subsequent real-time RT-PCR using primers and probes specific for NoV capsid proteins. However, the sensitivity of the assay depends heavily on the sensitivity of the polyclonal antibodies produced for IMS. The polyclonal antibodies used in the present study were raised against recombinant proteins from the GI-1 and GII-4 genotypes of NoV. More than 31 genotypes of NoV have been identified (13, 30) , and different genotypes of NoV have highly diverse antigenic properties (3, 15, 21) , which could affect the sensitivity of this assay. Highly sensitive and specific antibody binding to common epitopes of different NoV genotypes is critical for the success of IMS methods. In future experiments, a panel of monoclonal and polyclonal antibodies against various genotypes of NoV will be evaluated thoroughly. Our results demonstrate that multiplex IMS combined with real-time RT-PCR for simultaneous detection of both GI and GII NoV in food is very promising and should be developed further.
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